Structure of layered silicates

Tetrahedral sheet and octahedral sheet
The layers that form all phyllosilicates, and therefore clay minerals, are characterized by two-dimensional sheets with octahedral (O) or tetrahedral (T) configurations ( 
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Morphology Development of Polymer Nanocomposites: Utilizing Interstratified Clay Minerals from Natural Systems 355 Tetrahedral (T) sheets are composed of cations organized in fourfold coordination with O 2-or OH -. The dominant cation in such layers is usually Si 4+ , but may also be Al 3+ . The atomic arrangements of octahedral and tetrahedral layers are shown schematically in Fig. 1 . The junction plane between the tetrahedral and octahedral sheets consists of shared apical oxygen atoms of the tetrahedrons and unshared hydroxyls (or fluorides) (Fig. 1) . Typical layered clay minerals are listed in Table 1 .
1:1 type layered silicates
Clays can be categorized depending on the way that tetrahedral and octahedral sheets are packaged into layers. If there is only one tetrahedral and one octahedral group in each layer the clay is known as a 1:1 TO layered silicate. The 1:1 TO layer type (kaolin-serpentine group) has one tetrahedral sheet, which shares corners with an octahedral sheet. The thickness of this two-sheet unit is about 0.7 nm (Fig. 2a) . The kaolin group consists of 1:1 layer structures with the general composition of Al 2 Si 2 O 5 (OH) 5 . Kaolinite, dickite and nacrite are polytypes. Halloysite is a hydrated polymorph of kaolinite with curved layers and a basal spacing of about 1 nm due to hydration. 
2:1 type layered silicate
The alternative, known as a 2:1 TOT layered silicate, has two tetrahedral sheets with the unshared vertices of each sheet pointing towards each other and forming each side of the octahedral sheet. The 2:1 TOT layer type with no interlayer cation, which includes pyrophyllite and talc, consists of two sheets of tetrahedra with an octahedral sheet sandwiched in between. These 2:1 layers are electrostatically neutral in the ideal case, with no interlayer ion present (Fig. 2b) . The thickness of this 2:1 unit is about 0.91 nm to 0.94 nm. Table 1 ).
Interstratified clay minerals
3.1 Natural systems Some natural clays consist of particles in which different types of silicate layers are stacked together (interstratification), and each type of silicate layer has swelling or non-swelling properties. These silicates are called interstratified clay minerals (Reynolds, 1980) . Interstratified clay minerals can have ordered (or regular) mixed layer structures if different layers alternate along the c* direction in a periodic pattern (e.g. the stacking of generic type A and type B layers can be …ABABAB… or …AABAABAA…etc.). They can also have disordered (or irregular) mixed layer structures, wherein the stacking of type A and type B layers in the c* direction is random (e.g. …ABAAABABB…). These orderings are called regular or random, and are described by a Reichweite (R) ordering parameter (Jagodzinski, 1949a (Jagodzinski, , 1949b (Jagodzinski, , 1949c . For example, the regularly interstratified sequence of illite (I) and smectite (S) layers with a ratio of 1:1 refer to an ordering parameter R1. This type would be ordered in an ISISIS fashion (Fig. 3a) . On the other hand, Figure 3b shows random ordering which refer to R0. Figure 3 shows an example of interstratification between illite (I): anhydrous layers, with a periodicity of about 1.0 nm, and smectite (S): hydrated layers with a periodicity of about 1.2 nm to 1.4 nm. Interstratified clay minerals which are perfect R1 types often have individual names (Table 2 ). R1-ordered chlorite-smectite is known as corrensite, and R1 mica-smectite is rectorite. Special names are assigned to regularly alternating sequences of components present in a fixed ratio. Irregularly stacked structures are identified using the names of the two components, such as illite-smectite, smectitechlorite and kaolinite-smectite. Typical interstratified clay minerals are listed in Table 3 . In table 3, which lists the combinations between dioctahedral type layers and between trioctahedral type layers, there is only one combination between dioctahedral and trioctahedral type layers. As shown in table 3, natural interstratified clay minerals mainly comprise combinations of two types of dioctahedral layers, or combinations of two types of trioctahedral layers. A combination of dioctahedral-type layer and trioctahedral-type layer is rarely found in nature. This is due to a larger misfit between the dioctahedral-type layer with the trioctahedral-type layer along the b* axis. Each basic building block (layer) of interstratified clay minerals is generally assumed to possess the properties which are the same as the corresponding naturally-occurring mineral.
In order to define the basic building block (layer) of interstratified clay minerals, two possible structure models, which either have or do not have a center of symmetry placed between illite layers or smectite layers, are provided for regularly interstratified R1 I/S clay minerals. In the model which does not have the center of symmetry, an individual 2 : 1 layer in R1 I/S is always chemically homogeneous, consisting of either smectite or illite layer (Fig.4a) . This model is referred to as non-polar 2:1 model. On the other hand, in the model having the center of symmetry (the symmetry is across the interlayer), an individual 2 : 1 layer in R1 I/S can be chemically homogeneous, containing a low charge smectite layer-like layer on one side and high charge illite-like layer on the other (Fig. 4b) which is referred to as polar 2:1 model. The polar model is supported by a number of NMR and XRD results (Altaner et al., 1988; Barron at al., 1985; Jakobsen at al., 1995; Plançon, 2004) , and the first principle calculation (energy calculations) further reinforces the polar model (Olives et al., 2000; Stixrude & Peacor, 2002) . The polar model is also consistent with the fundamental particle model by Nadeau et al.(1984) and the latest high resolution TEM result (Murakami et al., 2005) . Fig. 4 . Schematic of (a) non-polar and (b) polar models of the R1 I/S structure.
In the natural process of diagenesis, the transition of smectite to illite is an established axiom within the field of clay mineralogy. The formation of I/S minerals is actually affected not only by temperature, but also by other factors such as fluid chemistry, time, fluid/ rock (W/R) ratio during the formation of I/S minerals, and the chemical composition of the precursor materials (Altaner & Ylagan, 1997) . Three of the most apparent variables driving the smectite-to-illite transition, called by some the illitization of smectite, are the time involved, the temperature, and the availability of interlayer K ions. As with all chemical reactions, time and temperature are inversely related (S´rodon´ & Eberl, 1984) .
Synthesis of interstratified clay minerals
Many kinds of regularly interstratified clay minerals such as illite/smectite, mica/smectite, and chlorite/smectite have been found in nature. They are not, however, generally used as industrial materials because they are rare. Because of their scarcity, it is important to attempt to synthesize some interstratified clay minerals. Examples of previous research on synthesizing regularly interstratified clay minerals include studies on lizardite/saponite (smectite) and serpentine/smectite (Torii et al., 1998; Nagase et al., 2000) . Table 3 . Combinations of silicate layers in reported interstratified clay minerals.
In a previous study, we performed a series of hydrothermal experiments to determine the phase relationships of montmorillonite -stevensite and beidellite -saponite pseudo-binary joins (Yamada et al., , 2010 . Fig. 5 shows a three-component phase diagram of smectite with Si, Mg, and Al. Na is constant, and the figure shows the proportion of each element present in the smectites. Hydrothermal experiments were conducted using a rapid-quench type hydrothermal apparatus running at temperatures from 250 °C to 500 °C, with a constant pressure of 100 MPa and varying duration times. The time-temperature-phase change diagram in the both pseudo-binary join shows that immiscibility occurs between dioctahedral smectite (ex. montmorillonite-like smectite) and trioctahedral smectite (ex. stevensite-like smectite) below 400°C. It should be noted that interstratified clay minerals including rectorite-like interstratified layered silicate (composition I); a regularly interstratified chlorite/smectite (composition II); and a regularly interstratified talc/talc/smectite (composition III) were obtained at 350 °C (composition III), 450°C (composition I, II) in the intermediate chemical regions of these joins (Yamada et al., , 2010 . Of particular note was the montmorillonite-stevensite pseudo-binary join. On the www.intechopen.com stevensite side of this region, the trioctahedral smectite was found below 300°C, which transformed to stevensite and quartz with aging. Above 350°C, however, in the composition III, a regular interstratification was recognized, which was the regularly interstratified sequence of talc-like and smectite-like layers with a ratio of 2:1 (talc/talc/smectite) and a Reichweite (R) ordering parameter R2. The assemblage of regularly interstratified clay minerals was recognized in the intermediate chemical composition region of their joins. The following section explains the characterization of the synthesized interstratified clay minerals in more detail.
Interstratified clay minerals: polymer nanocomposites 4.1 Control of the number of layers
In order to achieve control of the number of layers, a layered silicate with two antagonistic properties, expandable and non-expandable characteristics, was prepared in each particle. Using these interstratified clay minerals with regularly alternating sequences of components, exfoliated nanolayers consisting of two or three layers per group could be dispersed in a polymer matrix (Fig. 6 ). The hydrophilic nature of these pristine clay minerals impedes their homogeneous dispersion in the polymer matrix. In most cases, the interlayer that has a expandable property must be organically modified. Unfortunately, it is difficult to obtain favorable materials having interstratified structures in ordered sequences because natural sources are impure and non-homogeneous, so it is important to create betterdesigned interstratified materials for inclusion in nanocomposites.
Morphology development of polymer nanocomposites 4.2.1 Synthesized interstratified clay minerals
The time-temperature-phase change diagram described above showed that three types of regularly interstratified clay minerals occur above 350°C; product (I), a regularly interstratified mica/smectite (M/S), with a regular 1:1 layer type alternation, product (II), a regularly interstratified chlorite/smectite (C/S), which also has a 1 : 1 alternation, and product (III), a regularly interstratified talc/talc/smectite (T/T/S) with a 2:1 alternation (Fig. 5) . The stacking structures were determined by examining different treatment samples using X-ray diffraction (XRD) measurement.
Characterization of the synthesized interstratified clay minerals
To evaluate the layer stacking of the resulting material, two quenched samples were examined using XRD measurements.
(1) The samples were oriented by sedimentation in water onto glass slides and then drying at room temperature. (2) An ethylene glycol (EG)-treated sample was prepared as follows: the oriented sample was placed in a sealed container with EG and then heated overnight at 60 ºC. The phases encountered were identified using previously described criteria , Tamura at al., 2008 . Then, to prepare the nanocomposites, organically modified synthesized materials were made utilizing the ion-exchange reaction between exchangeable interlayer cations and octadecylamine (ODA) hydrochloride. Product (I) By hydrothermal treatment of quenched glass with composition (I) at 450°C for 20 days, a layered silicate with a regularly interstratified structure was obtained (Tamura at al., 2009) . Figure 7 shows the XRD patterns of (a) the pristine product (I), (b) an EG-treated sample and (c) an ODA treated sample. In the pristine product (I), a shoulder is observed at www.intechopen.com . XRD patterns of (a) product (I), (b) ethylene glycol-treated product (I) (EG-MS), and (c) ODA-modified product (I). XRD data were collected using Cu-Kα radiation. 2θ = 3.6°, corresponding to 2.4 nm. After treatment with EG, the 001 reflection shifted to a lower angle, from 2.4 nm to 2.8 nm and a 002 reflection appeared. Curve (c) is the XRD pattern of the ODA treated sample. Three broad reflections at 2.4 nm, 1.6 nm, and 0.94 nm were observed, which correspond to the 002, 003 and mica phases, respectively. The basal spacing of the ODA-product (I) is estimated to be 4.8 nm. All XRD results indicate that the layer structure is a 1:1 regularly interstratified structure consisting of the mica/smectite sequence we refer to as M/S. This is a "Rectorite-like type interstratified silicate" (Fig. 8) . 
Product (II)
By hydrothermal treatment of quenched glass with composition (II) at 450°C for 20 days, a regularly interstratified structure was recognized (Tamura at al., 2009 ). The pristine product shows three broad reflections of 2.7 nm, 1.35 nm and 1 nm, respectively (Fig. 9, curve (a) ). For the EG treated sample, curve (b), two reflections shift to lower angles. These correspond to 001, and 002, respectively (curve (b)). The line profiles suggest that the layer structure of product (II) is a 1:1 regularly interstratified structure consisting of the chlorite(C)/smectite (S) sequence we refer to as C/S. Thus, we have a "corrensite"-like interstratified silicate (Fig. 10) . Curve (c) in Fig. 9 is an XRD pattern of the ODA treated sample. Two broad reflections of 3.2 nm and 1.6 nm were observed, which correspond to the 001 and 002 reflections, respectively. Product (III) By hydrothermal treatment of quenched glass with composition (III) at 350°C for 7 to 21 days, a unique regularly interstratified clay mineral composed of talc/talc/smectite (T/T/S) was recognized (Tamura et al., 2008) . For the pristine product, three broad reflections of 3.5 nm, 1.7 nm, and 1.0 nm were observed, which correspond to the 001, 002, and 003 reflections, respectively (Fig. 11, curve (a) ). After treatment with EG, all three reflections shifted to lower angles of 3.7 nm, 1.8 nm, and 1.2 nm (Fig. 11, curve (b) ). These results suggest that the layer structure of product (III) is a 2:1 regularly interstratified structure consisting of the talc/talc/smectite sequence that we call T/T/S (Reichweite ordering parameter: R2). This is a new regularly interstratified clay mineral in an ordered sequence. The d 001 phase at 5.2 nm is a super-lattice of the compound formed by the intercalation of ODA + molecules (Fig. 11, curve(c) ). Figure 12 schematically depicts the ordered interstratified T/T/S and organically modified T/T/S (ODA-T/T/S) structures. 
Preparation of nanocomposite
The ODA-modified silicate powder was added to diglycidyl ether of bisphenol A (DGEBA) and cured with methyl nadic anhydride (MNA). Benzyl dimethylamine (BDMA) was used as a catalyst. Samples were cured at 150°C for 6 h. (Fig. 13a) . In the [ODA-C/S]-epoxy composite, flocculated silicate layers ranging from about 50 nm to 200 nm in thickness were observed (Fig. 13b) . It seems, however, that fine particles might be partially exfoliated in the epoxy matrix. Closer observation of the nanocomposite at high magnification confirms a rather rigid platelet (cross section), in which the length of the cross section is a few hundred nanometers and its thickness is approximately 3 nm. Most of the nanolayers appear to be 3 layers per unit (C/S: the thickness is a ca. 2.5 nm). The [ODA-T/T/S]-epoxy nanocomposite has an especially homogeneous dispersion of ODA-TTS platelets in the epoxy matrix (Fig. 13c) . The TEM image confirms a rather rigid platelet (cross section), in which the length of the cross section is a few hundred nanometers and it is approximately 3 nm to 5 nm thick. Most of the dispersed nanolayers shown in Fig. 13c are actually 3 nanolayers grouped together. The 3-layer group thickness of approximately 5 nm, deduced from the TEM images, is thicker than that of the 3 silicate layers (minimum thickness of about 3.5 nm) that could be caused by the tilting of layers that are inclined obliquely to the sectioned plane. Despite the thicker dimension, the image clearly shows that perfect exfoliation of a 3-layer unit (T/T/S) has taken place, showing that we succeeded in dispersing silicate nanolayers consisting of several layers in one group in a polymer.
Summary
Following the pioneering work of Toyota researchers who demonstrated the first practical application of a clay-nylon 6 nanocomposite in the automobile industry (Kurauchi et al., 1991) , numerous researchers have reported the preparation of exfoliated clay-polymer nanocomposites in various polymer systems. A range of factors that influence not only the morphology but also the final properties of composites have been identified, including the nature of the polymer, the nature of the clay minerals, interfacial interactions between the clay minerals and the polymer, the processing methodologies, and the amount of clay. In order to optimize the properties of nanocomposites so that they can be used effectively in practical applications, we need to take a comprehensive view of all these factors when designing the material. We strongly believe that broadening our scope in order to utilize various types of clay minerals and methods will be essential to achieve that goal. In this chapter, several examples of polymer nanocomposites using different types of regularly interstratified clay minerals have been introduced. Generally, smectites and other expandable layered silicates are versatile materials that, in a practical sense, are well adapted to yield a large variety of nanocomposites due to their ion exchange, expandability, and colloidal properties. On the other hand, no one has attempted to use regularly interstratified clay minerals, the so-called "mixed clay minerals", despite their unique structure of highly ordered silicate nanolayers (an ordered sequence along the c* direction)
